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Introduction
The most commonly used technology to obtain high resolution analytical separation of mixtures of proteins is sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
1, 2 The procedure involves initial denaturation of component proteins with an anionic detergent that also binds to them, imparting to all proteins a negative charge proportional to their molecular mass. This step is followed by electrophoresis through a porous acrylamide gel matrix that separates proteins with excellent resolution on the basis of molecular mass. Largely unchanged since its introduction the early 1970s, this method works well in applications that do not require retention of native features of protein structure or function.
1, 3 Thus, assessment of purity of protein samples, evaluation of protein expression, and immunochemical identification and quantification of proteins (western blotting) are methods that utilize SDS-PAGE.
1, 2, 4
An obvious limitation of SDS-PAGE resides in its deliberate denaturation of proteins prior to electrophoresis. Enzymatic activity, protein binding interactions, detection of protein cofactors, etc. generally cannot be determined on proteins isolated by SDS-PAGE. Instead, other methods must be employed to separate native proteins for investigations of structure-function relationships. 1, 5 One such alternative is the blue-native PAGE technique. 6 This method has been used in the determination of protein-protein interactions, in which proteins in the sample are separated as oligomers in first dimension BN-PAGE, followed by a denaturing second dimension SDS-PAGE to identify the monomers within the oligomers. [7] [8] [9] [10] [11] However, as a one-dimensional separation method, it faces the opposite problems of SDS-PAGE. While, BN-PAGE retains the native state of proteins, it falls short of the high resolution of proteomic mixtures that is attained with SDS-PAGE and can add ambiguities to successful molecular weight determinations. [12] [13] [14] A welcome advance would be a procedure that finely resolves individual proteins and does so in their native state. More specifically, such a method would allow for proteins to be adequately separated while still retaining their metal partners. This would alleviate some of the current limitations and concerns in using PAGE in conjunction with metalloprotein analysis. 13, 15, 16 This paper describes a method, termed native SDS-PAGE (NSDS-PAGE), that accomplishes excellent resolution of components of the proteome with retention of native enzymatic activity and/or metal cofactors in most examples that have been investigated. Because of the particular interests of the authors and its applications to the field of metallomics, attention has been focused on the behavior of the Zn-proteome and model Zn-metalloproteins during NSDS-PAGE.
Materials and Methods
Chemicals Pre-casts PAGE gels and corresponding buffers were purchased from
Invitrogen. All chemicals were obtained in the highest available purity from Sigma-Aldrich or Fisher Scientific. Several Zn-proteins were utilized in the study, including yeast alcohol dehydrogenase (Zn-ADH), bovine alkaline phosphatase (Zn-AP), superoxide dismutase (Cu,Zn-SOD), and carbonic anhydrase (Zn-CA). Each was purchased from Sigma-Aldrich and used without further purification. Lyophilized enzymes (10 mg/mL) were dissolved in degassed 20
mM Tris-Cl pH 7.4, stored at 4 °C, and used within one month of rehydration. Other enzymes and proteins were also obtained from Worthington Biochemical. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript the manufacture's technical guide and are listed in Table 1 .
Cell Culture and Partial Protein Purification
Blue Native (BN)-PAGE was also performed according to the manufacture's protocol. In this procedure, 7.5 μL of protein sample were mixed with 2.5 μL of 4X BN-PAGE sample buffer (Invitrogen) and loaded into precast Native-PAGE Novex 4-16% Bis-Tris 1.0 mm minigels (Invitrogen) with 5 μL of NativeMark TM unstained protein standards (Invitrogen).
Electrophoresis was carried out at a constant voltage (150V) and at room temperature, employing 
Metallomics Accepted Manuscript

23
(g) For the determination of carbonic anhydrase (Zn-CA) activity, gels were soaked in 50 mL of 100 mM Tris-Cl pH 9.0 containing 0.1% bromothymol blue for 15 minutes on a gel shaker. The solution was decanted and the gel was lightly blotted with a paper towel to remove excess solution. Carbon dioxide gas from dry ice in water was streamed over the gel surface and active carbonic anhydrase was visualized as faint yellow bands on a blue background. 24 (h) For L-amino oxidase activity, gels were incubated in 75 mL of 65 mM NaH 2 PO 4 pH 6.8 containing 10 mM L-Lysine, 5 mg NBT, and 2.5 mg PMS on a rotary shaker for 30 minutes.
Gels were fixed in 25% ethanol and oxidase activity was detected by the appearance of blue 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript μm sec -1 with 30% laser energy set at 20 Hz and the ablated aerosol was carried to the ICP-MS at a flow rate of 1.0 L He min -1 . The inductively coupled plasma was maintained using 1350 W forward power with the argon cool gas and intermediate gas flow rates set at 13.0 L min -1 and 1.3 L min -1 , respectively. The hexapole collision cell gas flows were set at 2.5 mL He min -1 and 1 mL H min -1 and metal isotopes 64 Zn and 63 Cu were measured using peak hopping acquisition mode. 13 C was also monitored to assess signal drift over time.
Results
Experiments were aimed at developing a protein separation method that maintained the protein resolution characteristic of SDS-PAGE as well as the retention of protein functional properties and metal cofactors characteristic of BN-PAGE. The approach was to systematically modify SDS-PAGE in graded steps and to compare the results with those obtained with SDSand BN-PAGE.
SDS-PAGE of LLC-PK 1 cell supernatant and model metalloproteins The commercial kit
for SDS-PAGE offered by Invitrogen includes sample and running buffers shown in Table 1 .
Both contain SDS and EDTA. According to the recipe, the protein mixture is added to the sample buffer and heated to 70 o C with the explicit intent to denature the constituent proteins through the combined exposure to 2% LDS detergent and heat. Due to its high metal binding affinity, the presence of 0.51 mM EDTA greatly increases the likelihood that metal ions will be extracted from resident metalloproteins during this preparative step. [27] [28] [29] Once electrophoresis is undertaken, the sample migrates in a run buffer containing 0.1% SDS and 1 mM EDTA.
LLC-PK 1 cells were used as the source of proteome. The proteome was obtained from Metallomics Accepted Manuscript the gel filtration of the cellular supernatant of 5 x 10 8 LLC-PK 1 cells and was further separated by DEAE ion exchange chromatography. Several desalted fractions from the elution profile were subjected to SDS-PAGE using the protocol provided by Invitrogen. Figure 1a illustrates the quality of separation of 3 DEAE fractions as visualized by Coomassie R-250 staining. Many distinct protein bands were distinguishable in each of the fractions.
Three Zn-proteins (Cu,Zn-SOD, Zn-ADH, and Zn-CA) were also subjected to SDS-PAGE. [30] [31] [32] As seen in Figure 1c , the extent of migration of each protein differed during electrophoresis and was related to its monomer molecular mass. Both Cu,Zn-SOD and Zn-CA electrophoresed to positions that corresponded to their approximate molecular weights. 30, 32 Importantly, Zn-ADH that normally exists as a 141 kDa tetramer migrated as individual 35 kDa monomers under denaturing conditions. 33 Testing each protein for enzymatic activity (see methods) showed that none of these enzymes maintained their functionality after electrophoresis (Figure 3) .
Blue-native PAGE of LLC-PK 1 cell proteome and model metalloproteins.
The same experiments that revealed the properties of SDS-PAGE were carried out to describe the behavior of proteins during BN-PAGE. Table 1 lists the buffers applied in the BN-PAGE method. LDS, SDS, and EDTA are absent and Coomassie Blue is included as a replacement for the negatively charged SDS detergent. Unlike the denaturing method, the 3 proteomic fractions were poorly separated by BN-PAGE (Figure 1b) . In the case of the model proteins, all moved to the same region of the gel, failing to separate well, in contrast to their migration pattern with SDS-PAGE (Figure 1d) . Moreover, each protein migrated to a distance inconsistent with its expected molecular weight. However, each displayed enzymatic activity (Figure 3) , that was maintained 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript in the absence of the denaturating conditions present during SDS-PAGE, namely SDS, EDTA, and incubation at elevated temperature.
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Native SDS-PAGE of LLC-PK 1 cell proteome and model metalloproteins Neither SDS-PAGE nor BN-PAGE was able to accomplish the goal of acceptable protein separation with retention of enzymatic activity. A new method or effective changes to these protocols were needed to achieve both. We chose to modify SDS-PAGE. Initially, EDTA, a powerful chelator of many metal ions, was removed from both sample preparation buffer and electrophoretic running buffer to prevent direct sequestration of metal cofactors. Its deletion did not impact the quality of protein separation by SDS-PAGE. In addition, the omission of the initial heating step of the protein sample in the LDS-containing loading buffer did not affect the outcome of SDS-PAGE. Attention was then turned to the detergent concentration (SDS) in the sample buffer. It was lowered stepwise from 2% to 0% for a series of proteome samples. When they were electrophoresed in the standard run buffer, the results were identical to those observed with normal SDS-PAGE conditions for the sample buffer (Figure 2a) . These data indicated that detergents are not essential in the sample buffer to obtain desirable protein resolution.
Next, the amount of SDS in the run buffer was lowered to determine the minimal amount needed for effective resolution of protein bands. Testing BN-PAGE and the following concentrations of SDS, 0.0125%, 0.025%, 0.0375%, 0.05%, and 0.1% with a DEAE fraction of cell supernatant, it was evident again that BN-PAGE resulted in poor protein separation (Figure   2b) . Furthermore, the lowest concentration of SDS was ineffective. Upon progressively increasing the SDS concentration in the run buffer, it was shown that 0.0375% SDS was the minimal concentration that supported refined proteome separation, closely approaching that Metallomics Accepted Manuscript obtained with SDS-PAGE. In addition, the pre-stained SDS-PAGE protein markers were run under these conditions (Figure 2c) . Again, at 0.0375% SDS in the run buffer, the 8 proteins in the protein ladder were well separated with no significant improvement as the amount of SDS was increased in the run buffer. These modified buffer conditions were used to perform NSDS-PAGE and are listed in Table 1 .
The electrophoretic migration of model proteins Zn-ADH, β-Gal, Zn-AP, and Cu,Zn-SOD was also examined utilizing NSDS-PAGE in tandem with SDS-and BN-PAGE (Figure   3a-d) . Unlike samples run using traditional SDS-PAGE, proteins electrophoresed in NSDS moved a distance consistent with the molecular weights of the intact multimeric forms of the enzymes with β-GAL migrating as dimeric species and Zn-ADH as a tetramer. 33 In the case of Cu,Zn-SOD, the majority of the protein migrated as a multimer near 125 kDa. This high molecular weight form of SOD has been observed previously after gel filtration chromatography, corresponding to an approximate molecular weight of 130-140 kDa. 34, 35 Unfortunately, proper evaluation of protein resolution using Zn-AP could not be made with any of these PAGE methods, most likely stemming from the presence of contaminants in the commercially purchased enzyme. In general, the protein samples migrated in tighter bands when compared to BN-PAGE and to distances more consistent with their native molecular weights. 33, 36, 37 When each of the proteins subjected to NSDS-PAGE was assayed for enzymatic activity, all displayed significant functionality, comparable to their catalytic activity after BN-PAGE (Figure 3a-d, right). As expected, these enzymatic functions were not observed after subjecting the enzymes to denaturing SDS-PAGE. The results supported the conclusion that a modification of SDS-PAGE conditions could be made that satisfied the important need for high resolution separation of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript proteome while still maintaining native properties of proteins.
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The reduction in concentration of SDS in the NSDS running buffer presumably lowers the extent of binding of negatively charged SDS to proteins undergoing electrophoresis. In turn, for proteins with high pI values, it is possible that they might retain a net positive charge in the presence of SDS and not migrate in NSDS-PAGE as they do in SDS-PAGE. This question was addressed by comparing the behavior of cytochrome c from bovine heart (pI 10-10.5) in each mode of electrophoresis.
38 Figure 3e shows that the protein moves as a low molecular mass molecule in both SDS-and NSDS-PAGE methods. Thus, with this model protein, NSDS facilitates the migration of a positively charged protein that is qualitatively similar to that observed with SDS.
The capability of NSDS-PAGE to separate native proteins as judged in the last experiment led to an analysis of the cellular proteomic alkaline phosphatase activity after electrophoresis. Coomassie staining of protein in Figure 3f showed that SDS-and NSDS-PAGE resulted in similar resolutions and patterns of distinct bands, while proteins subjected to BN-PAGE were not resolved. On a separate gel, a test for alkaline phosphatase catalytic activity was positive for both NSDS-and BN-PAGE (arrows in Figure 3f ) while no activity was found after SDS-PAGE. Although the observed activity occurred in a part of the gel that was consistent with AP catalysis, the identity of the enzyme was not confirmed. Nevertheless, in experiments involving either proteomic fractions of cell supernatant or model proteins, conditions of NSDS-PAGE retained enzymatic activity as well as provided excellent protein band resolution.
Maintenance of enzymatic function after NSDS-PAGE Several other proteins besides
Zn-AP, Zn-ADH, β-GAL, and Cu,Zn-SOD were subjected to the three forms of PAGE and then assayed for enzymatic activity. As shown in Table 2 , with the exceptions of urease and Cu,Zn-SOD, which displayed trace activity, none of the enzymes retained functionality after SDS-PAGE. All did so after BN-PAGE and seven of nine enzymes tested were active after NSDS-PAGE. This survey suggests that many proteins, though not all, are functionally active after exposure to conditions of reduced SDS concentration during and after electrophoresis.
Comparison of metal binding to SOD after SDS-, BN-, and NSDS-PAGE Cu,Zn-SOD
was subjected to the three types of PAGE to assess their impact on retention of metal ions. The protein was electrophoresed and then subjected to LA-ICP-MS for metal analysis. In denaturing SDS-PAGE (blue), Zn 2+ was completely mobilized from SOD and recovered at the gel front (Figure 4a , front near 65 mm). Cu 2+ was also liberated, although a minor fraction remained bound to the multimeric form of the enzyme (Figure 4b , band near 18 mm). In contrast, both Zn 2+ and Cu 2+ were fully retained in comparable amounts during BN-PAGE (green) and NSDS-PAGE (red) (Figure 4a-b) . According to Figure 3d , multimeric Cu-SOD that existed after SDS-PAGE showed much diminished enzymatic activity, whereas Cu,Zn-SOD present after the other electrophoretic procedures displayed robust catalysis. Since there was no Zn 2+ associated with the Cu-SOD band after SDS-PAGE, the faintly observed activity was likely due to the powerful redox capability of Cu ion reacting in the enzyme assay solution and not to a functioning enzyme.
39, 40
Stability of Zn-proteome in SDS-PAGE and NSDS-PAGE run buffers
To further evaluate the detrimental effects of SDS and EDTA on the metal binding capacity of the metallome, proteome from LLC-PK 1 cells, which includes as a sub-set the Zn-proteome, was incubated with SDS-PAGE run buffer containing 0.1% SDS and 1 mM EDTA and NSDS-PAGE buffer with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript 0.0375% SDS and no EDTA. After an hour's reaction-a time consistent with the duration of typical gel electrophoresis-each proteomic sample was separated from buffer by centrifugal filtration using a 3,000 Da molecular weight cut-off filter. Zn-proteome exposed to the standard SDS-PAGE running buffer lost 74 ± 2 % of its Zn 2+ to the sample buffer. In strong contrast, NSDS mobilized only 2.5 ± 1 % of its complement of Zn 2+ from the sample (Figure 4c) . Thus, exposing the proteome to standard SDS run buffer labilizes much of its bound Zn 2+ , whereas negative effects on metal binding are minimized in the NSDS-PAGE run buffer. (Figure 4d) . To verify that this staining pattern was Zn 2+ dependent, the gels were subsequently soaked in a solution containing TPEN, a high affinity Zn 2+ chelator typically used in Zn-sensor experiments. [43] [44] [45] As shown elsewhere, reacting TSQ-Zn-protein adducts with TPEN results in a decrease in fluorescence through either ligand substitution or competitive adduct formation with TSQ-Zn-proteins. 29 Thus, the resulting depletion of TSQ-fluorescence after treatment with TPEN provides validity to the claim that Zn-proteins broadly maintained their metal cofactors after electrophoresis using NSDS-PAGE. Overall, these data support the conclusion that NSDS-PAGE offers a viable method for detecting protein-bound metals after electrophoresis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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Formation of TSQ-Zn-protein adducts among NSDS-PAGE separated proteins
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Discussion
The methodology to obtain high resolution protein separation of complex mixtures by SDS-PAGE has remained essentially unchanged since its introduction four decades ago. 3 It is routinely used to probe the presence, relative concentration, and purity of proteins, their approximate molecular mass, and in conjunction with immunochemical methods or mass spectrometry, their identity and possible covalent modification. 1, 2 Because the method relies on protein denaturation prior to electrophoresis, it cannot be used in the determination of noncovalent components of native proteins such as metal ions or to study features of protein function. Importantly, proteomic-level studies directed at uncovering properties of native protein structures, including non-covalent cofactors, cannot be conducted with SDS-PAGE.
For example, technology to obtain detailed information about cellular distribution and trafficking of biologically essential, toxic, and therapeutic metals and metalloids has been emerging during the past decade. The evolution of elemental detection methodology has begun to make possible the identification of metal ions associated with biomolecules that are isolated from cell extracts and ultimately separated electrophoretically within the solid matrix of polyacrylamide gel. [46] [47] [48] Once metals are located in association with protein bands, protein identity can be determined by mass spectrometry. 4 Nevertheless, these methods have not been widely or effectively utilized. The limiting problem in applying LA-ICP-MS or other analytical means to detect elements in metallo-proteomic studies has been recognized as the lack of reliable methods to separate the proteome with high resolution while retaining bound metal ions, particularly in the final electrophoresis preceding metal analysis. 13, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] Others have described methods with modified modifications of conditions of protein 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript electrophoresis that seek to ameliorate the denaturing feature of SDS-PAGE. 15, [59] [60] [61] [62] In regards to the field of metallomics, Linney et. al. showed the deletion of EDTA to the electrophoretic buffers of SDS-PAGE helped maintain a stable chromium-bovine serum albumin complex as measured by synchrotron X-ray fluorescence. 15 We report here a systematic study to optimize retention of native protein structure with an emphasis on preserving metal cofactors. The NSDS-PAGE method evolved from titration experiments meant to test whether denaturing conditions in the SDS-PAGE procedure might be modified so that properties of native proteins could be preserved even as complex protein mixtures were cleanly separated. It had been assumed previously that denaturation is a prerequisite for binding of negatively charged SDS to proteins that results in their electrophoretic migration at rates directly proportional to molecular mass. 63 Yet, the present work revealed that the preliminary denaturation step in the sample buffer involving exposure to 2% LDS (or SDS), EDTA, and high temperature can be omitted without loss of protein resolving power in the PAGE step. Moreover, EDTA may be removed from the electrophoretic running buffer and the SDS concentration lowered from 0.1% to 0.0375% with little if any loss in protein band resolution during NSDS-PAGE of a proteomic sample from LLC-PK 1 cells in comparison with SDS-PAGE (Figure 2b) . BN-PAGE was not able to achieve observable separation of constituent proteins within this sample. Importantly, since the protein fraction was washed via multiple runs through centricon filters, high salt and low molecular weight compounds (<3 kDa) were not the causes of the poor separation of the protein mixture as noted elsewhere with BN-PAGE. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript concentration of detergent in the NSDS-PAGE electrophoresis run buffer (Table 1) . 64 In conjunction with the present findings, this result suggests that at low concentration SDS binds to proteins without grossly altering their structures, whereas at higher concentrations SDS binds in larger stoichiometry, causing protein denaturation.
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A potential pitfall of the modified method was an inability to overcome a substantial positive charge on proteins with large pI values. Figure 3e shows that cytochrome C, with a pI of 10-10.5, moves similarly in NSDS-and SDS-PAGE. Thus, in this initial experiment, sufficient SDS binds under the conditions of NSDS to achieve a negatively charged structure that migrates with a similar negative charge to mass ratio observed in the SDS buffer.
The retention of native properties of selected proteins was then compared following SDS, BN-, and NSDS-PAGE. As seen in Figure 3 , several enzymes were subjected to electrophoresis and then tested for residual enzymatic activity. SDS-PAGE denatured the proteins such that they migrated as monomers that lost all of their catalytic power except in the case of SOD, which retained a small fraction of activity observed at the position of a multimeric species. In contrast, after both BN-and NSDS-PAGE, proteins migrated as native oligomers and displayed qualitatively similar enzyme activities. In the case of NSDS-PAGE, the locations of the protein bands corresponded in all cases except Cu,Zn-SOD to the molecular weights of the native proteins. Table 2 summarizes these results as well as information on several other proteins.
NSDS-PAGE conditions maintained the functional activity of 7 enzymes. Two others which remained active after BN-PAGE lost their functionality. Thus, in this initial survey, NSDS-PAGE was highly, though not completely, effective in stabilizing features of native protein structure. Alkaline phosphatase activity was also demonstrated in proteome separated by NSDS-PAGE, showing that native enzymatic properties can also be observed in cell isolates as well as with individual proteins (Figure 3f) .
Retention of functionally active Zn 2+ in several proteins was inferred from the maintenance of enzymatic activity of Zn-ADH, Zn-AP, Cu,Zn-SOD, and Zn-CA shown in Figure 3 . Likewise, LA-ICP-MS analysis of Zn and Cu following electrophoresis of Cu,Zn-SOD in Figure 4a ,b revealed directly that the enzyme retained metals and catalytic activity following NSDS-and BN-PAGE but lost both during SDS-PAGE. Therefore, NSDS-PAGE offers a promising means to achieve needed resolution without loss of metal ions. Indeed, NSDS buffer with 0.0375% SDS hardly released Zn 2+ from the proteome, whereas SDS-PAGE running buffer, containing 0.1% SDS and 1 mM EDTA mobilized 74% (Figure 4c) . Of this total, EDTA, alone, accounts for a significant fraction, about one-third, according to previous studies. 28, 29 It has been well recognized that the proteomic scale detection of protein-bound metals using LA-ICP-MS has been blunted by the lack of means to separate the proteome without loss of bound metal ions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   Metallomics Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript Model proteins Cu,Zn-SOD, Zn-ADH, and Zn-CA were also electrophoresed using SDS-PAGE (c) and BN-PAGE methods. Electrophoresis and protein staining conditions are described in methods. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript the Methods. e) 20 μg of cytochrome c (pI = 10.5) were electrophoresed using SDS-, NSDS-and BN-PAGE. f) DEAE fractions of LLC-PK 1 proteome were run using SDS-NSDS-and BN-PAGE methods and then tested for phosphatase activity (see Methods). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 (Invitrogen  TM ) 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript 
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